Health risks associated with bisphenol A (BPA) exposure are controversially highlighted by numerous studies. Highresolution metabolomics (HRM) can confirm these proposed associations and may provide a mechanistic insight into the connections between BPA exposure and metabolic perturbations. This study was aimed to identify the changes in metabolomics profile due to BPA exposure in urine and serum samples collected from female and male children (n ¼ 18) aged 7-9. Urine was measured for BPA concentration, and the children were subsequently classified into high and low BPA groups. HRM, coupled with Liquid chromatography-mass spectrometry/MS, followed by multivariate statistical analysis using MetaboAnalyst 3.0, were performed on urine to discriminate metabolic profiles between high and low BPA children as well as males and females, followed by further validation of our findings in serum samples obtained from same population. Metabolic pathway analysis showed that biosynthesis of steroid hormones and 7 other pathways-amino acid and nucleotide biosynthesis, phenylalanine metabolism, tryptophan metabolism, tyrosine metabolism, lysine degradation, pyruvate metabolism, and arginine biosynthesis-were affected in high BPA children. Elevated levels of metabolites associated with these pathways in urine and serum were mainly observed in female children, while these changes were negligible in male children. Our results suggest that the steroidogenesis pathway and amino acid metabolism are the main targets of perturbation by BPA in preadolescent girls.
Bisphenol A (BPA), a chemical used to make polycarbonate, is one of the most controversial chemicals, whose effects are severely debated among scientists. According to the Centers for Disease Control-National Health and Nutrition Examination Survey (NHANES) report updated in January 2017, exposure to BPA occurs almost exclusively through food consumption. According to the NHANES report, among U.S. residents, the median level of BPA in children aged 6-11 years is 1.81 mg/g of creatinine (1.20 for male and 1.39 for female), with 95% confidence interval (CI). Furthermore, similar mean urinary BPA levels as those detected in the U.S. representative have been found in Japanese women and Korean residents (Itoh et al., 2007) . However, genetic polymorphism plays an important role in shaping urinary BPA levels among different ethnicities, based on their difference in alleles of the SULT1A1 gene (Raftogianis et al., 1997) . In a previous study, a higher average urinary BPA level was shown in Korean people, compared with that described in the NHANES report, and excessive use of vinyl wrapping in microwaves was reported as the main exposure route in the Korean population (Yang et al., 2003) .
Numerous studies have evidenced BPA's contributions to increased risks of cancer, obesity, diabetes, infertility, and developmental anomalies (Rochester, 2013) , and young children are particularly exposed to these diseases as they are reported with higher BPA concentrations compared with adults (Farabollini et al., 2002; Calafat et al., 2008) . One hypothesis for such association is BPA being widely used in the manufacturing of polycarbonate and epoxy resins used to manufacture a variety of products aimed at children, including protective layers on food containers, baby bottles, toys, and dental sealants. However, controversy has arisen regarding BPA impacts on human health. Therefore, the mechanistic understanding of BPA effects is important to solve these contradictions regarding the safety of BPA.
Several studies indicated that BPA can disrupt normal physiology by interfering with endogenous hormones in mammals and nonmammals, wildlife, and in vitro models (Rochester, 2013) , which means that BPA is estrogenic both in vivo and in vitro. In addition, there is a growing body of evidences suggesting positive associations between urinary BPA and liver damages, obesity, coronary heart diseases, diabetes, neurobehavioral development, and breast cancer (Nakagawa and Tayama, 2000; Wang et al., 2017) . However, the role of sex on health impacts of BPA is yet controversial, as BPA was shown to cause a dose-dependent increase of body and liver weights in male mice during the gestation period, while female offspring showed a dose-dependent decrease in body and liver weights (Hao et al., 2013; van Esterik et al., 2014) . Nonetheless, BPA affects the rodent developing brain in a sex-specific manner (Patisaul and Polston, 2008) but limited data are available regarding BPA-induced alterations of normal metabolic state in human. Therefore, by using a metabolomics analysis, we aimed at examining whether the effects of BPA exposure at the preadolescent stage could be demonstrated through a metabolic approach. Furthermore, our goal was to investigate the differential metabolic changes in preadolescent male and female human subjects to understand the mechanistic aspects behind the effects generated by BPA exposure, in relation to sex difference.
MATERIALS AND METHODS
Study population. The study subjects were from the Ewha Birth and Growth Cohort study, an ongoing longitudinal birth cohort established at Mokdong Hospital, Ewha Woman's University, Seoul, South Korea between 2010 and 2013. A total of 414 children participated in the preadolescence period from 2010 to 2013 (aged 7 years: 50; 8 years: 215; 9 years of age: 149 participants), as shown in Figure 1 . Sixty-seven subjects were excluded as their urine was not analyzed for BPA concentration. The remaining 347 subjects were assayed for BPA and subsequently divided into quartiles groups. Subjects with the lowest quartile G1 (n ¼ 87) and the highest quartile G4 (n ¼ 86) were selected. Both quartiles were further divided into 3 groups according to Body Mass Index (BMI) status. Five subjects with low and 5 with high BMI were selected in low or high BPA groups according to BPA concentrations in a cross-section manner (Figure 1 ). Of the 20 selected subjects, a total of 18 subjects underwent metabolomics analysis, excluding one without a specimen for study and one due to the loss of sample during LC/MS. All the participants underwent anthropometric measurements, completed questionnaires, and fasted 8-12 h in the follow-up program before specimen (blood and urine) collection. Spot urine and blood samples were collected through the follow-up program. Venous blood was collected from the antecubital vein, and urine samples were collected using polypropylene urine cups and were stored at À80 C until analysis. The follow-up program process was done in the morning. The group with high BPA (n ¼ 9) displayed a concentration of 501 mg/g creatinine and the group with low BPA (n ¼ 9) was below 4 mg/g creatinine, as shown in Table 1 . The Institutional Review Board on Human Subjects at Ewha Woman's University approved the study protocol, and informed consents were obtained from all subjects.
Urinary BPA measurements. Urinary BPA concentrations in the subjects were determined within 1 week of the urine collection process, by high-performance liquid chromatography (HPLC) with fluorescence detection (LC-10SPD10-AVvp system, Shimadzu, Tokyo, Japan). A total of 30 ll 2.0 M sodium acetate (pH 5.0) and 10 ll b-glucuronidase were added to a 1 ml urine sample, which was then incubated for 3 h at 37 C. After incubation, 100 ll 2 M HCl was added. Standard bisphenol B (50 ng/ml) was mixed with 4 ml ethyl acetate and then extracted. After 3 ml of the supernatant was dried, it was dissolved in 70 ll 60% acetonitrile (ACN), and then analyzed using a 5 lm column (4.60 Â 150 mm) (Luna 5u C18). The mobile phase consisted of mixture of 2.5% tetrahydrofuran/ACN buffer (70:30) and was delivered at a flow rate of 1.5 ml/min. Fluorescence detection was performed at an excitation wavelength of 275 nm and an emission wavelength of 300 nm. All analytical concentrations were adjusted for creatinine.
Chemicals and reagents used for metabolomics analysis. HPLC-grade water and ACN were purchased from J.T. Baker (New Jersey) and Tedia (New Jersey), respectively. Formic acid was purchased from Fluka (Missouri). All chemicals and reagents were stored at appropriate temperatures and conditions. Standard solutions and urine samples were stored at À80 C.
Sample preparation for metabolite extraction. Fifty microliters aliquots of urine were first treated with 195 ml of ACN and 5 ll of a mixture of 3 stable isotope standards (
]-LMethionine) (1:4, vol/vol). The sample extract was vigorously vortexed for 1 min and centrifuged at 13 000 Â g at 4 C for 10 min for proteins precipitation and metabolites extraction. The supernatants containing the polar metabolites were subsequently collected for Liquid chromatography-mass spectrometry (LC-MS)/MS analysis.
Analysis of metabolites by LC-MS/MS. The metabolomics profiling of urine samples was performed using an Ultra Performance Liquid Chromatography system (Agilent 1260 Infinity Quaternary, Agilent, Santa Clara, California) coupled with an Agilent LC-MS/MS Q-TOF 6550 (Agilent) mass spectrometer. Analytical separation was performed using a Hypersil Gold C-18 (100 Â 2.1 mm) 1.9-mm analytical column (Thermo, Waltham). The column and autosampler temperatures were maintained at 45 C and 10 C, respectively. Two mobile phases, solvent A (consisting of 0.1% formic acid in water) and solvent B (consisting of 0.1% formic acid in ACN) were used. Gradient elution with solvent A and B was carried out using the following procedure: 5% solvent B for 0-1 min, gradually increased to 45% solvent B within 2 min, further increase to 90% solvent B within 3 min, and then 90% was maintained for an additional 2 min. The total chromatographic separation time was 15 min. The flow rate was 400 ll/min. To detect the analytes, an electrospray ionization detector was operated with a curtain gas of 35 psi, gas temperature of 250 C supplied at 14 ml/min, and sheath gas temperature of 250 C was supplied at a flow rate of 11 ml/min.
All samples were run in triplicates in positive ion mode (Park et al., 2015) . An equal volume of blank sample consisting of 100% ACN was randomly inserted among the real sample queue to be processed as a needle wash and to equilibrate the column, as well as avoid contamination among real samples.
Metabolic profiling. Multi-and univariate analyses were performed to identify molecular features that discriminated children with high and low BPA levels, as described previously (Lee et al., 2017) . Raw spectrometric data, acquired as .d files, were converted to mzXML format by software package MSConvert, followed by apLCMS to obtain ion intensities (Yu et al., 2009) . The apLCMS provided 10 368 m/z (mass/charge ratio) within a range of ion set from 50 to 1000. Data were further processed with normalization, scaling, filtering, and statistical analysis using MetaboAnalyst 3.0 (Yu et al., 2009) . MetaboAnalyst filtered the noninformative variables that were unlikely to be of use for further modeling of data, by applying interquantile range. Data sets were quantile normalized, log transformed, and paretoscaled to obtain more comparable individual features before carrying out statistical analyses. As show in Figure 1 , a total of 4 pairs of groups were generated for further analysis as follows: group 1 consisting of high versus low BPA children (both males and females), group 2 consisting of high versus low BPA males, group 3 consisting of high versus low BPA females, and group 4 consisting of high BPA males versus females. Unsupervised multivariate principal component analysis was first used to detect a significant separation shift between all groups aforementioned. Supervised multivariate analysis: partial least-squares discriminant analysis (PLS-DA) was performed to achieve maximum separation among the groups in each pair. The PLS-DA model was assessed by its R 2 Y and Q 2 Y values to ensure the quality of the multivariate models and to avoid the risk of overfitting. Statistical significance of features with P < .05 in all groups was identified using student's t test with a false discovery rate (FDR) adjusted q value of 0.05. The metabolites with first principal component of the variable importance in projection (VIP) > 1 and P < .05 were considered to be influential for the separation of samples in PLS-DA analysis. The identified significantly differential metabolites from student's t test were average clustered by Pearson correlation and their average normalized quantities were then plotted in a heat map using MetaboAnalyst 3.0.
To analyze the impact of BPA on metabolic changes relative to sex or BPA differences, ANOVA-simultaneous component analysis (ASCA) was performed to identify the major pattern associated with each factor (BPA and sex).
Biomarkers identification and pathway enrichment analysis.
Compounds with significant changes between each pair of groups (FDR adjusted P value < .05) were subsequently considered important toward the identification of potential biomarkers related to metabolic effects caused by BPA. Accurate masses of significant metabolites were searched against online biochemical database service Metlin Mass Spectrometry Database METLIN (http://metlin.scripps.edu). The recorded KEGG numbers were subjected to human metabolomics pathway (KEGG) (http://www.kegg.jp) and Metaboanalyst for further enrichment analysis.
Statistical analysis using GraphPad. Putative identities were analyzed using the GraphPad Prism v 5.03 software (La Jolla, California) for measurement of their relative intensities among each group. Data are presented as means 6 SD, and differences with P values < .05 were considered statistically significant.
RESULTS

Subject Characteristics
A total of 18 children aged 7-9 years were selected for metabolomics analysis. Nine children with high concentrations of BPA were categorized as high BPA children, while 9 children with low concentrations of BPA were categorized as low BPA children ( Figure 1 ). Out of 9 in each group, 4 were female and 5 were male children. Based on student's t test, among 2 groups, no statistical differences were observed in their population in terms of sex, age, BMI, maternal education, and economic status; however, BPA concentration was significantly different among the 2 groups, as shown in Table 1 .
Identification of Differential Metabolic Profiles Between Urine of High and Low BPA Children
To observe the metabolic alterations caused by BPA in male or female children, we first compared the high BPA male and female children with low BPA children using student's t test, by inserting an apLCMS feature table containing 10 368 features. As shown in Figure 2A , 917 features (pink dots) were found significant among high and low BPA children after FDR q ¼ 0.05 correction. In addition, to better define the differential metabolic profiles and variations among high and low BPA children, 2-way hierarchical cluster analysis (HCA), using significant features obtained from student's t test and PLS-DA were performed. As shown in Figure 2B , the features under green and red panels at the top represent high and low BPA children, respectively. The entire samples cluster showed a clear separation. Such an apparent separation in the heat map reveals that the metabolites are highly differentiated among the 2 groups. Furthermore, using PLS-DA, as shown in Figure 2C , we observed that the score plot of PLS-DA significantly separated high and low BPA children into 2 classes. It indicates that there was a significantly different urine metabolome and metabolic variations between high and low BPA subjects. Moreover, the results from the cross-validation (CV) procedure indicated that both models are not overlifting and are reliable (intercepts:
and accuracy 0.92). The significant features obtained from student's t test (FDR adjusted P < .05) were further annotated by their m/z values using Metlin database, to identify the metabolites that marked the metabolic distinctions. The following positive adducts were
To increase sensitivity of identification of compounds and to filter out irrelevant compounds that may have been included in the search, a confidence limit of 10 ppm was used, as previously, a tolerance within 10 ppm was recommended for a good mass accuracy (Wolf et al., 2010) . Metlin database provided a list of KEGG numbers that were used to determine the affected metabolic pathways in KEGG human metabolic pathway database. Supplementary Figure 1A shows the top 10 pathways with the highest number of compound hits between high and low BPA children. Steroid hormone biosynthesis was found as the most affected pathway in KEGG (Supplementary Figure 1A) , indicating a strong relationship between BPA and steroid hormone disturbance among children at their developmental stages.
Identification of Differential Metabolic Profiles Between Urine of High BPA Males and Females
After recognizing a dramatic difference between high and low BPA children, we realized that BPA could be used as a factor to classify children into further subgroups. As shown in Figure 2A , among 917 significant features observed between 2 groups of children, 450 features were found significant among male children (high vs low), 250 among female children (high vs low), while 217 were significant among both males and females. Furthermore, as show in Figures 3A and 3B , a clear separation has been visualized on the heat map and in the score plot of PLS-DA (intercepts: R 2 ¼ 0.82, Q 2 ¼ 0.62, and accuracy 0.9) among high versus low BPA males, as well as among high versus low BPA females, as shown in the heat map and score plot of PLS-DA (intercepts: R 2 ¼ 0.95, Q 2 ¼ 0.73, and accuracy 1) in Figures 3C and 3D. These results led us to hypothesize that BPA has a discriminatory role in metabolic disturbance among male and female children. To confirm our hypothesis of sex-related metabolic disturbance caused by BPA, further analysis was performed to discriminate high BPA males from females. As shown in Supplementary Figure 2A , 817 features (pink dots) with student's t test using FDR threshold q ¼ 0.05 were found significant among high BPA males and females. In addition, as shown in Supplementary Figures 2B and 2C, 2-way HCA performed using significant features obtained from student's t test, and PLS-DA (intercepts: R 2 ¼ 0.85, Q 2 ¼ 0.53, and accuracy 1) revealed a clear separation among high BPA males and females. Furthermore, ASCA was performed to interpret the metabolic variations caused by either the difference in the sex of children (high BPA males vs females) or urinary concentrations of BPA (high vs low BPA children). Both sex difference and BPA concentrations were used as experimental variants to identify the major patterns associated with each factor (Smilde et al., 2005; Tremblay-Franco et al., 2015) . As shown in Supplementary Figures 2D-F , similarly to the metabolic variation caused by high or low BPA in children (Supplementary Figure 2D) , the score plots of ASCA revealed that 100% of observed metabolic variations were caused by sex difference (Supplementary Figure 2E) . In addition, 99.67% variation could be explained by the interaction of these 2 experimental factors (Supplementary Figure 2F) . Moreover, ASCA models were validated by 100-permutation test to confirm the variance caused by sex difference, BPA concentrations, and their interaction. Similar to the significant effect caused by high or low BPA in children (male and female), we found a significant effect of sex difference on the metabolite profiles in the presence of BPA (P < .01). In addition, there were significant interaction effects of both factors (P < .01). These results confirm our hypothesis that BPA not only classifies the subjects into high and low BPA children groups but could also cause a significant metabolic variation by discriminating male and female children. More interestingly, when significantly differential metabolites obtained from student's t test (FDR adjusted P < .05) among high BPA males and females were analyzed for BPAinduced metabolic perturbations at the level of pathways, steroid hormone biosynthesis was found as the top affected pathway among the top 10 pathways in KEGG (Supplementary Figure 1B) . This result confirmed our previous one and indicates a strong sex-related BPA disturbance in steroid hormone biosynthesis among children at their developmental stages. In addition, its shows that sex-related metabolic disturbance caused by BPA can be separately analyzed to enable the understanding of the pathophysiological role of BPA in males and females.
Steroid Hormone Metabolites as Specific Signatures in Response to BPA Exposure
In relation with previous studies, we aimed at identifying the sex-related metabolic changes that might serve as an indication of specific BPA-related disease profiles in male and female children at developmental stages, and moreover, determine which metabolites may predict future risks associated with BPA exposure. To identify those differential metabolite signatures, we combined the VIP values generated from the PLS-DA model with the results from the 2-tailed student's t test. Approximately 217 metabolites, common among males and females, were identified with VIP > 1 and FDR adjusted P < .05. To further assess the capability of our identified significant metabolites to act as indicators, the area under the receiver operating characteristic (ROC) curve, AUC, and sensitivity, as well as specificity, were calculated. ROC curve predicts the relationship between sensitivity and specificity and helps determine the optimal model. Accuracy of model, which evaluates how correctly a diagnostic test is identified, can be determined from sensitivity and specificity. Based on selection criteria of VIP, P value, AUC, sensitivity, and specificity among 217 significant metabolites, 35 metabolites with relatively high AUC (AUC > 0.5) were selected. Among those 35 metabolites, interestingly, 12 metabolites were associated with biosynthesis of steroid hormone, as shown in Table 2 . The specificities of these metabolites were approximately 70%; however, their sensitivity ranged between 60% and 91% (Table 2) . These 12 metabolites, associated with biosynthesis of steroid hormones are shown in Figure 4 . Interestingly, their levels increased in high BPA female children compared with low BPA females; however; they were either reduced or insignificant in high BPA male children in comparison with low BPA males, as shown in Figure 4 . In addition, as shown in the column B of student's t test in Table 2 , when high BPA females were compared with high BPA males, their levels were significantly higher among females. These results suggest steroidogenesis pathway as a sensitive target for BPA exposure in female children.
Altered Amino Acid-Specific Metabolism in Female Children Exposed to BPA After considering the lack of available or reliable data regarding BPA effects in human children, we decided to further investigate additional BPA-induced metabolic pathways perturbations, other than the steroidogenesis pathway. Among the selected 35 metabolites mentioned earlier, 23 metabolites were not related to steroidogenesis. After evaluating the level of each metabolic pathway considering the significantly differential metabolites, we identified 7 pathways (with FDR adjusted P < .05), mainly including amino acids pathways, that were significantly altered among high BPA children, as shown in Figure 5 . These altered pathways were related to amino acid and nucleotide biosynthesis, phenylalanine metabolism, tryptophan metabolism, tyrosine metabolism, lysine degradation, pyruvate metabolism, and arginine biosynthesis. All these pathways were somehow interconnected with glycolysis and the tricarboxylic acid cycle ( Figure 5 ). As mentioned earlier, metabolites were chosen if they met the selection criteria (VIP value > 2, P < .05, AUC > 0.5). Statistical information on these metabolites is presented in Table 3 , and all chosen metabolites complied with our selection criteria. Interestingly, as shown in Figure 5 and Supplementary  Figure 3 , among these 23 significant metabolites, 21 were altered in female children (15 upregulated and 6 downregulated), while 7 were altered in male children (2 upregulated and 5 downregulated), and 5 compounds were altered (2 upregulated and 6 downregulated) in both high BPA male and female children. The red colored half-box in Figure 5 represents the metabolites which were detected with high intensity among high BPA females compared with low BPA females, while the dotted red colored half-box represents metabolites with low intensity among high BPA females. Similarly, the metabolites in blue colored half-box showed high intensity in high BPA males, while dotted red colored half-box illustrates metabolites with low intensity in high compared with low BPA males. The metabolites in blue fonts are those which were not found in the urine of either male or female children but were interconnected to our identified metabolites ( Figure 5 ). The bar graph for relative intensity of each metabolite, along with adducts used for identification of these compounds based on their m/z, is displayed in Supplementary Figure 3 . In addition, as shown in Table 3 , 16 out of 23 metabolites were significantly elevated among high BPA females compared with high BPA males. These results show a significantly disturbing effect of BPA on amino acid metabolism in female children. In addition, we performed pathway analysis of significant features (with FDR adjusted P < .05) among high and low BPA children, as well as among high BPA males and females. As shown in Supplementary Figures 1A and 1B , amino acid and nucleotide sugar metabolisms, biosynthesis of amino acids, tryptophan metabolism, tyrosine metabolism, and lysine degradation are found as the most affected pathways in KEGG database, further confirming the BPA-related alteration of the amino acid metabolism in children at a young age.
Model Validation of Our Identified Metabolites Panel
ROC curves with associated CIs and AUC are generally the standard statistical criteria used for evaluating the performance of medical diagnosis tests (Obuchowski et al., 2004) . Therefore, to prove that our predicted result can match the real outcomes (Obuchowski et al., 2004) , performance assessment using ROC on the multiple CV test sets was performed on our identified metabolites. Several ROC curves, due to multiple CV, are created using different subsets of metabolites selected using the filter approach with MetaboAnalyst 3.0. As shown in Figure 6A , our 35 metabolites-set demonstrated the highest prognostic values of AUC ¼ 0.985 with 95% CI and P < .002 validated by 500-permutation test, showing good sensitivity and specificity in discriminating high and low BPA children. To further assess the predictive power of our 35 metabolites-set toward discriminating high BPA from low BPA children, 100 CVs were performed and the results were averaged using MetaboAnalyst 3.0. The average of predicted class probabilities of each sample across the 100 CVs is shown in Figure 6B . The 2 scattered plots represent the predicted class probabilities for each sample from high (left) BPA and low (right) children, showing good resolution of our proposed model (P < .002) with an error rate of 0/30 in high and 2/24 in low BPA samples. This result indicates that high and low BPA children could be well-stratified with high accuracy using our 35 metabolites-set. the steroid hormone biosynthesis pathway between high and low BPA males or females. The bar graphs represent the metabolites with significant differences among the following 4 groups: low BPA males (LM; n ¼ 4), high BPA males (HM; n ¼ 4), low BPA females (LF; n ¼ 5), and high BPA females (HF; n ¼ 5). ***P .001; **P .01; *P .05; ns not significant (P > .05)-student's t test.
Validation of Candidate Urine Metabolites in Serum Samples
To ensure the consistency of increased steroidogenesis, amino acid metabolism, and other candidate metabolites in high BPA female children, we validated our results using serum obtained from the same population of children. The serum sampling and statistical analysis were done as described in the Materials and Methods section. As shown in Supplementary Figure 4A , our serum set showed the same results as those obtained from the PLS-DA and heat map analyses displayed in Figures 2B and 2C , and a clear separation was observed between high and low BPA children. Similarly, a clear separation was observed among high BPA males and females, as shown in Supplementary Figure 4B . Furthermore, we wanted to observe whether the dramatic increased observed in steroidogenesis in the serum set was equivalent to the one detected in urine (Figure 4 ). After analysis, we detected 7 steroidogenic metabolites with similar increased levels in serum, and those were mainly found among high BPA females, as shown in Figure 7A . However, there was a slight deviation for corticosterone, cortisol, and estrone 3-sulfate, as these compounds shown reduced levels in urine obtained from high BPA males but were not significantly represented in serum, as illustrated in Figure 7A . In addition, pathway analysis in serum further confirmed steroidogenesis pathway as the most differentially affected pathway between high and low BPA children, as shown in Supplementary Figure 1C . These results confirm our previous ones showing that BPA exposure can disturb steroidogenesis in preadolescent females. Further analysis was performed to validate the amino acid perturbation within the urine set ( Figure 5 ). As shown in the pathway analysis results shown in Supplementary Figure 1C , tryptophan, phenylalanine, as well as amino and nucleotide sugar metabolisms were among the top 10 affected pathways in serum, which corresponded with the results obtained on our urine set (Supplementary Figures 1A  and 1B ). In addition, out of 23 metabolites present in the urine set ( Figure 5 and Supplementary Figure 3) , we detected 15 amino acid-related metabolites in the serum set showing the same dramatic increased levels in high BPA females, with a slight maleoriented difference between urine and serum for D-glucosamine-6-phosphate, CMP-N-acetylneuraminic acid, phenylpropanoate, L-carnitine, and aerobactin, as shown in Figure 7B . However, urine metabolites were considered more important in our assay to ensure consistency with the BPA measurement analysis, which was also performed on urine samples. In addition, in terms of reproducibility of metabolites, urine was considered much superior than serum samples in a previous study (Jeong et al., 2011) . sents the metabolites with significantly high intensity among high BPA females compared with low BPA females, while the dotted red colored half-box is for significantly low intensity among high BPA females compared with low BPA females. The blue colored half-box represents the metabolites with significantly high intensity among high BPA males compared with low BPA males, while the dotted red colored half-box is for significantly low intensity among high BPA males. The metabolites in blue fonts are those which were not found in the urine of either male or female children but were interconnected to our identified metabolites.
DISCUSSION
BPA interacts with the endocrine system and produces sexrelated differential effects. The main objective of this study was to clarify the possible sex-related metabolic effects caused by BPA exposure in human at preadolescent stages. However, it should be noted that high BPA children in our study reflects a very high BPA exposed group compared with other previous studies where a low range of BPA is reported in urine of individuals tested (Vandenberg et al., 2007) . Through our study, and in agreement with several previous studies, we found that high BPA exposure could not only affect the endocrine metabolism but also potentially generate hyperaminoacidemia in young girls at their preadolescence age. However, further validation is needed. Cholesterol is the precursor for all steroid hormones and is transported into the cell by the mitochondrial protein, steroidogenic acute regulatory protein (StAR, STARD1), which is a rate limiting step toward the production of steroid hormones (Rosenfeld, 2015) . Interestingly, exposure to BPA, both in male and female rodents and fish gonads, has been reported to inhibit StAR mRNA expression and gonadal steroidogenic enzymes, including Cyp11, Hsd3b, Hsd17b, Cyp17, and Cyp19 (Peretz and Flaws, 2013; Rosenfeld, 2015; Xi et al., 2011) . Such an inhibitory role of BPA on mRNA expression of 17-a hydroxylase enzyme and StAR in rat ovarian theca-interstitial and granulosa cells was reported, with BPA-induced dose-dependent increase in testosterone and progesterone synthesis (Grasselli et al., 2010; Zhou et al., 2008) . In addition to animal studies, girls with precocious puberty were also reported with increased levels of testosterone, 17b-estradiol, pregnenolone, androstenedione, testosterone, and estradiol in relation to high BPA levels in their urine (Lee et al., 2013 (Lee et al., , 2014 . However, evidences in human studies are insufficient to provide a good understanding of the effect of BPA exposure on endocrine health, particularly when it comes to comparing female and male subjects who have not yet acquired reproductive ability. In addition, BPA-induced steroidogenesis in rats, mice, and lambs is highly controversial among scientists (Caserta et al., 2014; Peretz et al., 2014) . In our study, among human children, we only observed an elevated steroid hormone biosynthesis pathway in females. The high level of cholesterol in males, compared with females, could explain the low or insignificant changes in downstream metabolites in males, and suggest that an overconsumption of cholesterol could have occurred in females as a result of BPA exposure, at the expense of production of downstream metabolites in the steroidogenic pathway. Additionally, such a sexspecific effect of BPA in females unveils the previously unexplained inhibitory impact provoked by BPA on StAR mRNA expression among female children. To our knowledge, this is the first study to elucidate the sex-specific increase in steroidogenesis pathway in female children by BPA, in comparison to male children.
In women, higher BPA levels have been shown to be associated with a variety of pathogenic conditions including obesity, endometrial hyperplasia, recurrent miscarriages, and polycystic *P value by student's t test between high and low BPA children (both males and females). **P value by student's t test between high BPA females and males.
ovarian syndrome (Caporossi and Papaleo, 2015; Tarantino et al., 2013) . The high levels of testosterone and androstenedione found after BPA exposure in polycystic ovary syndrome (PCOS) subjects was evidenced as a potential pathophysiological role of BPA in PCOS (Kandaraki et al., 2011) . Accordingly, as observed in this study, the hypersteroidogenic phenomenon in female children, with aging, represents a risk of developing PCOS and its metabolic complications, such as diabetes mellitus, metabolic syndrome, cardiovascular disease, and liver disease (Gao and Wang, 2014; Setji and Brown, 2007) . Furthermore, there is a risk of developing several other metabolic defects associated with high steroidogenic metabolites, such as progesterone, which is associated with congenital adrenal hyperplasia (Lin-Su et al., 2008) , corticosterone, cortisol, and aldosterone, which have be linked to cardiovascular disorders and diabetes (Beddow and Samuel, 2012; Safdar et al., 2015) , testosteroneglucuronide, involved in obesity, or estrone 3-sulfate, linked to breast cancer (Giagulli et al., 1992) . Metabolic variation analysis among male and female children showed a similar pattern in terms of increased metabolites of amino acids, mostly among females, indicating BPA effects on the global metabolism rather than on steroid hormones specifically. An important phenomenon observed in female children exposed to BPA was altered glucose homeostasis. In females, an increased glycogenesis, as well as amino acid and nucleotide biosynthetic phenomena, can lead to an increase in ATP production through glycolysis and, consequently, a nonstop supply of energy for enhanced amino acid metabolic pathways. However, male children were least affected by BPA exposure regarding the amino acid perturbations. We were less surprised with these results, as a considerable amount of research data is available on sex-specific differences caused by BPA in synthesis and release of proteins and hormones, as well as altered metabolisms, although controversy exists on this subject (Caporossi and Papaleo, 2015) . One of the previously reported causes of sex-specific BPA effects is its lipophilicity, as on average, females have proportionally more body fat than males, and BPA can accumulate in fat, with detectable levels found in 50% of breast adipose tissue samples (Fernandez et al., 2007) . However, subjects used in our study were under the age of 10 and displayed similar BMI. In our study, the reason for such effects might reside in the sensitivity of reproductive development to minute changes caused by BPA exposure during preadolescence in females. Female prepubertal rats and mice were reported to be more sensitive to the effects of altered nutritional intake than males (Hamilton and Bronson, 1986) , and BPA, which can mimic hormones, finds an opportunity to disrupt reproductive differentiation and development processes in young females who have weak protective metabolic mechanisms and small bodies compared with a adults (Hood, 2005) .
In this study, phenylalanine, tryptophan, and pyruvate metabolisms, as well as lysine degradation, were elevated among high BPA females, while tyrosine metabolism and arginine biosynthesis decreased among females. Previously, while exploring gestational diabetes, mice male offspring were reported with perturbed glucose homeostasis due to BPA (Susiarjo et al., 2015) . When further investigated, the high BPAdosed pregnant mice and their male fetus showed increased tryptophan levels (Susiarjo et al., 2017) . Contrarily, we detected elevated anthranilic acid but reduced crotonoyl-CoA both in males and females, and as tryptophan is a precursor of serotonin, we observed elevated N-acetylserotonin as well as increased glycogenesis among females but not in males. An explanation for such difference might be the species, gestation period, route of BPA exposure, and doses used in Susiarjo et al. (2015 Susiarjo et al. ( , 2017 . Regardless, increased tryptophan metabolism and Figure 6 . Receiver operating characteristic (ROC) curves of the 35 metabolites-set for predicting specificity of identified metabolites in discriminating high and low BPA groups. A, Several ROC curves created using multiple cross-validations (CVs) and different subsets of metabolites. Metabolites-set containing all 35 features demonstrated the highest prognostic values of AUC ¼ 0.985 with 95% confidence interval and P < .002. Model was validated by 500-permutation test. B, Predictive power of 35 metabolites-set to discriminate the high BPA children from low BPA children using 100 CVs. The averages of predicted class probabilities of each sample across the 100 CVs are shown as dots. The 2 scattered plots represent the predicted class probabilities of each sample from low (right) and high (left) BPA children. Observed P < .002
with an error rate of 2/27 in high BPA samples (n ¼ 9), and 0/27 in low BPA samples (n ¼ 9), both in triplicate.
abnormal degradation of tyrosine, due to elevated phenylalanine metabolism, induce risks of developing diabetes, musculoskeletal defects (Martin et al., 1995; Ribel-Madsen et al., 2016), and hepatopathies (Andersson et al., 1982) . Our results also confirm dopamine-and serotonin-related genes modulation by BPA (Castro et al., 2015) . In addition, BPA affected lysin in this n ¼ 4), high BPA males (HM; n ¼ 4), low BPA females (LF; n ¼ 5), and high BPA females (HF; n ¼ 5) detected in serum, which corresponded with urine metabolites. B, Relative concentrations of 15 significant metabolites related to amino acid metabolism among low BPA males (LM; n ¼ 4), high BPA males (HM; n ¼ 4), low BPA females (LF; n ¼ 5), and high BPA females (HF; n ¼ 5) detected in serum for validation of urine metabolites. ***P .001; **P .01; *P .05;
ns not significant (P > .05)-student's t test. study, providing a proof for BPA-associated coronary diseases (Melzer et al., 2012) , as an elevated lysine degradation has been previously shown as being an indication of stroke (Lee et al., 2017) . Our study agrees with several previous ones, where positive correlations between BPA and amino acids were shown in mice and fish models (Cabaton et al., 2013; Ye et al., 2016) . Finally, to our knowledge, this is also the first study to explain the metabolic variation caused by BPA in amino acid and energy metabolisms among human subjects, even though further studies are required to draw a clear conclusion regarding sexspecific amino acid interaction with BPA. Q-TOF/MS-based metabolomics can provide novel insights into sex-related differences in responses to BPA at the preadolescent age. Despite these findings, our study has some limitations. First, a small sample size was used in this study, and therefore, a validation of the performance of identified uni-or multivariate metabolites needs to be carried out on a larger population not only at adolescent stages but also by the time they become adults. Second, the major limitation of our study is the relatively high level of BPA, and the huge variation in BPA levels among high BPA children (Table 1) . BPA levels were consistently high, even after repeated measurements for increased accuracy. We believe that our results are reliable; however, it is compulsory to reanalyze our metabolomics data using a high BPA group with a small variation among subjects.
In summary, our study investigated the mechanism driving BPA-induced sex-dependent deficits and describes elevated urinary levels of steroid hormone and amino acid metabolites. Furthermore, these elevated steroids and amino acid levels provide an insight on the mechanisms involved in pathogenic risks associated with BPA exposure. Our study provide a basis for further studies, in which the role of sex is required to be taken into greater consideration in research protocols, to understand the potential health risks associated with elevated amino acid levels in female and their connection with sex. Additional studies are also required, which would include designing approaches aimed at reducing detrimental effects on reproductive functions, and limit disease risks in exposed populations of girls at their young age.
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